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RECENT RESULTS IN THE DEVELOPMENT OF A GLOBAL MEDIUM-ENERGY
NUCLEON-NUCLEUS OFI’’ICALMODEL POTENTIAL

D. G. Madland
Theoretical Division, Los Alamos National Laboratq
Los Alamos, New Mexico 87545 USA

ABs’rFwcr

Initial results are presented for the determination of a @obal medium-energy nuckon-nucleus
phenornenolo ical opucal-model

f r
tential using a relathstic Schr5dingcr representation, The

starting poin! or this work is the g oba.1~hcnomenological optical-model tentia.1of Schwandt et
raf., which is based on measured elastic scattering cross sections an analyzing powers for

polarized protons ranging fmm 80 to 180 McV. This ~tential is optimally modfied to reproduce
experimental proton reaction cross sections as a function of energy, while allowing only minimal
deterioration in the fits to the elastic cross sections and analyzing wcrs. Further modifications in
the absorptive

r
rtmial were found necessary to extrapolate t e modified potential to higher

energies, The ml potential is converted to a neutmm-nucleus potential by use of standard Lane
model assumptions am! by accounting approxirrumly for the Coulomb comcction. Comparisons of
measured and calculated proton reaction and neutron total cross sections arc presented for 27A1,
56Fc, and 2081W. Medium-energy optical-model potentials for complex projectiles are briefly
discussed in an appendix.



INTROIXJCIION

Realistic calculations of specific medium-energy proton- or neutmn-inducd reactions that
take into acm.mt distortion effects and total flux consemation require an optical-model potential that
satisfactorily reproduces the elastic scattering and integrated scattering observable at these
energies. In particular, the observed elastic differential cross section c@) and analyzing power
AY(f3) should be well reproduced in order that distortion effects are correctly described, and the
observed proton total reaction cross section crRor neutron total cross section ~ should be well
reproduced in order that the calculated spccflc reactions all sum to the correct physical value. kI
this work the status of a global phcnomenological nucleon-nucleus optical-mcdel potential for
medium-energy scattering that is being developedl’z is presented. This potential primarily
reproduces the integrated scattering obsexvablcs and secondarily, the elastic scattering observable.
Describd hem is how the potential is obtained and how its predictions compare with the measured
observable.

MHHOD

The staxting point of this work is the global phenomenological proton optical-model potential
of Schwandt et uI.3 This potentiid is basal upon experimental elastic scattering and analyzing
power angular d.kibutions for target masses A and incident proton energies ~ in the ranges

24 s A s 208, and
(1)

80 MeVs EP S 180 MeV,

respectively, The data were analyzed in the Aframeworkof a relativistic SchrUdinger-type wave
cquation4 generated by appro “ te reduction of the Dirac equation for a massive, energetic fcrrnion

Ymoving in a localized, centr potential V(r). If the potential V(r) is chosen to be the fourth (tirne-
like) component of Lcmcntz vector potential, the reduced two-body problem with relativistic
projectile mass md non-relativistic target mass then leads to B‘~lativistic radial wave quatiwt for
the J1’thpartial wave that is of the same form as for the conventional non-relativistic Schrbdinger
quation, namely,

2
[.$- [ yv(p) Jl(t+l)

~+ l- —-—
TC # 1) FL(P}=0, (2)

In this equation, p = kr where k is the relativistic wave number, Tc is the tots! center-of-mass

kinetic energy, and y is a factor by which the potential is mnomaked in the rdativistic calculation,

y= 1 + T./(TC + 2m) . (3)

Using this formalism, an cnergyde ndcnt complex ~tential of Woods-Saxon form was
rassumed and best-fit parameters were o taincd for each mdivid~ al experimental data set hy

petfonning least-squares adjustments, The resulting sets of parameters were then examined for
simple dependencies with respect to the incident proton cn~rgy, the tatget rrtt~s number, and the
target asymmetry parameter (N-Z)/A. In this way, Schwandt ef uI.3 obmincd dw following global
phcnomenological proton potential:

VR = 105.S(1 -0,1625 h EP) + 16,5 (N-Z)/A , (4)

2



rR= 1.125 +Ji#@, EPS 130 MeV

)
(5)

= 1.255, ~>130MeV

aR =0.675+ 3.1 E#@ , (6)

WV= 6.6 + 2.73 (~ - 80)/l@

+ 3.87 ~ - 80)3/1@ , (7)

rI= L65-2.4E$I03 , (8)

a]= 0.32 + 2.5 E@03 , (9)

VSo = 19.0(1 -0.166 In ~) -3.75 (N-Z)/A , (10)

W~O = 7.5(1 -0.248 In EP) , (11)

WSO = 0.920 + 0.0305 AIB , (12)

avso= 0.768-0.0012 ~ , ~ <140 McV

}
(13)

= 0.60, EP >140 McV

rw!jo = 0.877 + 0.0360Al~ , and (14)

awso = 0.62 , (15)

when the units arc McV and fcrmis. The only deviations found in Eqs, (4)-(15) were that (a) rvs~
= 0.98 and wso = 0.96, for 2’tMg and ~Si at 135 McV, and (b) the transition point in ~, Eq.
(5), for Ca occurs at 180 MeV instead of 130 MeV.

Using this potential as a starting point, the goal is defined as a global henomenological
fnucleon-nucleus opticahodel pmcntial valid for target masses and incident nuc con energies in the

ranges

24 s A< 208, and
(16)

50MeVsEpEn.5400 McV ,

respectively, Comparing Eqs. (1) and (16), one sees that there tm two tasks. The fktit is to extend
the energy range of the proton potential downwards to 50 MeV and upwards to 400 MeV. The
second is to attempt to transform the extended proton potential to a neut:on potential valid for the
same energy ri,lge,

The method used consists of the following: On/y the parameters of the proton central
absorptive potcntid (WV, q, a]) are adjusted to optimally reproduce the experimental proton tw~t]
reaction cross section UR in the extended energy range. All other parameters remain at their
original values, In particular, the spin-dependent absorptive potential (Wsc},WSO,awso) rcnmins

3



unchanged due to the fact that, at this stage, expeximenta.1spindependcnt observab!es have not yet
been included from the extendul energy range in the analysis. The adjustments to the parameters
of the absorptive potential are performed allowing only small changes in the calculated elastic
scattering observable. Assuming a satisfactory proton potential is obtained with this method, the
transformation to the corresponding neutron potential is made by using a simple Lane model,
namely,

(N-ZA -) -(N-Z)/A , (17)

wherever this factor appears [in VR, Eq. (4), and in vs~, Eq. (10)], and by using a simple
Coulomb corrections in the real central potential, namely,

Vcom = 0.4ZA In . (18)

Note that no Coulomb correction exphcitly appears in the real central part of the original potenhal,
~. (4). Thus, to obtain the neutron potentml, one assumes that this ccnmxion is present impficirly
m the real central part of the proton potential so that subfraction of Eq. (18) completes the
transformation.

All of the calculations reported in this work have been performed using the optical-model
code b SNOOPY8 with relativistic wave quation (and relativistic kinematics) given by Eq. (2). A
measure of the influence of rdativistic effects is given in Figs. 1 and 2 where the calculated proton
total reactior, cross section and neutron total cross section are shown, respectively, as a function of
projectile energy for three relativity o tions, using fixed arameter sets for protons and for

t rneutrons, Clearly, for energies above 5 MeV, relativistic e fects cannot be ignored where high
accuracy is rquired. The magnitudes of the differences between the fully relativistic Schrtklinger
and ncmrelativistic Schrddi.nger representations are 2.2% at 50 MeV, 4.6V0at 100 McV, and 10.57o
at 400 MeV, for the pruton rcacticm cross section, and are 1.3% at 50 MeV, 7.0% at 100 MeV, and
14.7% at 400 MeV, for the neutron total cross section.

Preliminary results have been obtained b considering tie target nuclei 2?A1, 56Fe, and
z08Pb, together with corresponding experimen taKproton total reaction cross sections and neutron
total cross sections for the energy range given by Eq. (16). It was observed that the m-igird proton
potential of Schwandt et al.s predicts a total reaction cross section ~ that increases strongly with
increasing incident energy as one approaches the upper end of the range of validity for the model,
180 MeV, and in fact, diverges as the energy is increased further (beyond the range of the
potential). The source of this diver~ence is the strong energy dependence chosen for the strength
WV of the central absorptive potentml, namely, a third-oder polynomial in the incident energy, M
given in Eq. (7).

This problem is addressed by dividing the modified potential into tw~ regions: a lower energy
region in which no divergence occurs in UR and an upper energy region where the divergence in
crRbegins and grows with increasing energy. The form of Wv is then changed in the upper region
so as to remove the divergence, An energ grid of 31 points was chosen to span the range given

1’by Eq, ( 16J, and a number of survey calcu ations were performed to determine the dividing point
between the two regions. In this way, the vaJue 140 MeV was determined, Thus, the two region~
of the modified potential are defined as follows:

Region I: 50 MeVs ~, &s 140 McV, and
(19)

Region II: 140 McV < Em &s 400 MeV.
.,
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A study was then performed using the same energy grid, in which various forms of the
absorptive potential were tested and optimized wi~~respect to reproduction of the experimental
proton total reaction cross sccticm, while minimizing the deviations from the elastic differential
cross sections and analyzing powers calculated with the orig~al potential (the approximation has
been made here that these arc identical to the expcrimnd va.hes). This study, for protons incident
on 27A], 56Fe, and 20BPb, lead to the following adjustments in the central absorptive pan of the
original potential of Schwandt et al.?

Region I: Wv is unchanged.

q is unchanged, and

al= 0.27 + 2.5 E/lOS. (20)

Region II” Wv = 7.314 + 0.0462E, . (21)

~= 1.17, and (22)

al= 0.59 for 27A1

= 0.66 for 56Fe (23)

= 0.79 for ~Pb .

In Eqs. (20) and (21), E is either the incident proton energy ~ or the incident nentron energy En.
The original proton tential of Schwandt et als, Eqs. (4)-(15, together with the adjustments given
by Eqs. (20)-(23), ~fine the modified proton potential for the energy range given by Eq. (16).
Similarly, the modified neutron potermal for the same energy range is given by the identical
cquati~ ,W together with the transformation given by Eqs. (17) and (18). It is noted here that
neutron scattering obscrvables were not used to determine the adjustments, E.qs. (20)-(23). Thus,
a good test of the assumaf transformation to neutron scattering, given by Ecp. (17) and (18), wili
be obtained in subsequent comparisons to the neutron measurements (next section). It is also noted
here that the modified potential is discontinuow across the 140-McV boundary, for both proton
and neutron scattering. This is a serious drawback of the modified potential and it will have to be
corrected in the final version. Ncverthclcss, even in its present fotm, the discontinuous potential
does not lead to large comcsponding discontinuitics in the calculatd observablcs.

RESULTS

The results obtained using the modified potemi~l for
Y

oton and neutron scattering by 27A],
56Fc, and z~apb are now discussc~. First, the results for 2 Al arc shown in Figs. 3-8. In Fig. 3,
experimental proton b ;d reaction cross sections for 27AI are compared with values calculated from
the original potential of Schwandt etaf.3, for its energy range given by Eq. (1), and with values
calculated from the modified Potcritial, for its energy m..gc iven by Eq, (16). Although the

texperimental data are sparse, they cleady constrain the central a swptiw ~otentiii! of the modified
potential to an energy dependence that is well approximated by a lina assumption ~bove 140
MeV. Ovm.11, the agreement with experiment is ood.

r
On the other hand, the third-order

assure tion of the original absorptive pxential clearly cads to unphysical vducs of ~ in the upper
fhalf o its energy range.

In Fig. 4, experimental neutron total cross sections for 27A1 are compared with values
calculated from the original potential of $chwandt et af.3, transformed to nmron scattering via
Eqs, (17) and (18), and with values ctdculatcd horn the modified potential, also transformed m
neutron scattering via Eqs. (17) iind (18) The energy ranges for the two potentials arc, again,
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given by Eqs. (1) and (16), respectively. The experimental neutron total cross sections constrain
the central absorptive potential of the modified potential to an energy dependence that is, again,
well approximated by a linear assumption above 140 MeV. Overall, the agreement with experiment
is g@ except in the region between approximately 100 and 200 MeV where tic calculated values
are 6-7% high -- possibly indicating deficiencies in the transformation given by Eqs. (17) and (18).
Similar to the proton results, tic third-order assumption of the original absorptive potential tends to
produce unphysical vaks of ~ in the upper third of its energy range,

In Figs. 5-8 the changes in the elastic scattering and analyzing power angular distributions
that arc caused by the modifica~ions to the original potcntird arc examined. For comparison
purposes, it is assumed that the or@naI potcnt@l predicts these experimental observable very well
and thcrcforc that a compari!jon of the prcdicttons of the mod.ifkd potential to those of the original
potential is quivalent to comparisons with cxpcrimcnt. Energies that arc 10 MeV below and above
the boundary point of 140 Me’{ have been chosen to compare the elastic scattering in Figs. 5 and 6,
and to compare the analyzing powers in Figs. 7 and 8. Thc elastic scattering hardly changes at all
in Region I, for the entire angular range, and changes significantly in Region II only at angles
above about 750 where it is approximately six orders of magnitude down from the forward
scattering. Thus, the changes in the elastic scattering due to the modifications of the potential are
small. The same conclusion is reached for the analyzing power, which hardly changes at all in
Region 1,and changes significantly in Region II only at angles above about 95.o

Results entirely similar to those just described for 27A1are obtained for ~Fc, shown in Figs.
9-14, and for 208Pb, ‘hewn in Figs. 15-20. Note, however, that the experimental situation for the
proton total reaction cross sections on 20gPb, Fig. 15, is somewhat ambiguous and that the
tendency toward diverging URvalues calculated ftom the original potential is just beginning, near
180 McV. Also note that in the case of the neutron total cross sections, the modified potential
yields predictions that are within approximately 5% for ‘6Fc, Fig. 10, and also approximately
within 5% for 20gPb, Fig. 16, except near 50 McV where they am systematically low by as much
as 10%. Finally, note that no angular dcpcndcnt ncutrm data have been included in the analyses
due to the sparsity of such data.

The conclusions of this section arc that(1) the linear absorption of the modified potential
provides for accurate calculation of the ~roton total reaction cross section for the extended energy
range, (2) the transformation of the mcxbficd protun potential to the modified neutron potential via
Eqs. (17) and (18) works reasonably WC1l,5-10%, over the same extended energy range, and (3)
the modified potential does not overly dctcrioratc the predictive ability for elastic scattering and
analyzing powers.

CONCLUSIONS

The overall conclusions from this preliminary work on obtaining a global medium-energy
nucleon-nucleus phcnomcnological opucal-model potential arc that the present potential is of
sufficient accuracy that specific neutron- and proton-induced reactions can bc calculated with
expectations that tbcy sum to the correct physical values, and that simultaneously the angulai--
dependent proton elastic scattering observablcs arc reusonab/y WC:;rcproduccd, while the angular-
dependent neutron elastic scattcrin obscr, ~bles may be reasonably WC1lrcproduccd, Further
work on this potential seems justifi J in light of the results obtained to date,

APPENDIX: COMPLEX PROJECT’I13S

/ vproximate medium-energy optical-model potentials for dcutctwts, qHe, tritons, am-lalphti
partic,~s (d, h, t, a)can be obtained using a simplified Watanabe model,7 Although no cltiims of
high accuracy can bc made with this approach, it has kei) found, nevertheless, to work

t)



surprisingly well in producing starting parameter sets for optical-model searches on complex
projectile scattering data. It has also been used with reasonable success to obtain complex
projectile potentials where no data exists at all.

h simple form, one assumes that a proton-nucleus potential VP(EP) and a ncu~on-nucleus
potenrial Vn(En) are given, where the geometries ~f the potentials are constant and the real and
imaginary strengths arc energy dependent, except for the spin-orbit strength, which is assumed to
have the same constant value VsO for both protons and neutrms. Then the simple version of the
model states that the deuteron-nucleus ~otcntial is euual to the sum of the nucleon-nucleus
potentials at half the energy, namely, “

Ed= E#+Enf2 ,

vd~ = y?I~) +

lfo = Vscj.

Tensor polarization has been ignored in this approximation. Similarly, the hclion-nucleus potemial
is equal to the sum of the nucleon-nucleus potentials at one-third the energy, namely,

Eh=E@+~+Efi,

Vh(Eh) = VP(E@) + VP(E@) + VIEn/3), and

Vhso= vs&3 .

By the same logic, the triton-nucleus potential is given by

Finally, the alpha-nucleus
fourth the energy, namely,

Et= E@+ Efl+W,

V(EJ = VP(E@) + Vn(E~) ~ Vn(E~3), and

V:. = Vsfl .

potential is equal to the sum of the nucleon-nucleus potentials at one-

Ea = 2(%4) + 2(En/4) , and

Vw&) = 2VP(~4) + 2Vn(~4) .

Of course, in all cases the Coulomb potential is calculated appropriate to the charge of the complex
projectile.

One would expect the nmdel to perhaps work best for the deuteron, which is the least tightly
bound of the four complex projectiles considered, and to perhaps work worst for the alpha particle,
which is the most tightly bound of the four, At medium energies, however, the model performs
reasonably well for alpha particle and 3He scattering in addition to deuteron scattering, Note that
an even simpler model can be used itl this approach by replacing the neutron-nucleus potential
vn(En) in the above quations with the proton-nucleus potential VP(EP).

7



REFERENCES

1. D. G, Madland, Bull. Am. Phys. Sot. 31, 1230 (1986).

2. D. G, Madland, Proc. IAEA Advisory Group Meeting on Nuclear Theory for Fast Neutron
Data Evaluation, Gctober 12-16, 1987, Beijing, Peoples Republic of China to be published.

3. P. Schwandt et al., Phys. Rev. C 26, 55 (1982).

4. A. Nadasen el uf., Phys. Rev. C 23, 1023 (1981),

5. F. G. Percy, Phys. Rev. 131, 715 (1963).

6. P. Schwandt, Indiana University, private communication, May 1984.

7. S, Watanabe, Nucl. Phys. 8,484 (1958).



550

p + ‘Al

Non-rdativistk calculation
Relativistic k~atics only
Relativistic kmatics and

relativistic w8ve equ8tion

‘,\
\ ----
\ --. “+. m---._ ._ .-. ---

--
--w --~ --.-- ------- .

\
I I I ! I I

n + *’AI

Non-relativistic calculation
Relativistic kinematics only
Relativistic kinematics and
relativistic wave equation

‘i
1.

$
j

<\\
‘“,\

-;X
‘+‘.. .- .-. — .—. —---

-------- --

300 I 1 1 I I I 1
0

400 ‘ ~~
100 200 300 400 0 100 200 300 400

IncidentProton Energy ~ (MWI IncidentNeutron Energy En (MeV)
Fig. 1. Calculated proton total reaction cross Fig. 2. calculated neutron total cross section
section for three options on relativistic effects. for three options on relativistic effects.



Zool t 4 J
o m

hlalwcmm%rgyb 8bGm

400

.

Fig. 3. Co~arisors of measured and calculated
proton total reaction cross sections for 27A~.

—
——

Q-now

---- -P--
—- M7tudr

c4Blwd4AlsssamRilgAn@#@g)
5. Cornarisen of calculated elastic

$~;?;erentia cross sections for the p + 27A1
react~cn at 130 MeV (Region I).

17cm

ma

m

50G

Fj.g.4. Comparisons of measured and calculated
neutron total cross sections for 27A1.

60 120 100
cuma4MlBsscmahgAl@e0 idqj

Fig. 6. Identical EO Fig. 5 except at 15C MeV
(Region 11).



-a 5
0

------
— ~a

00 120

q

,-
●☛
,’

●

:

:;“.
:,’. .
::

cklbr+Ma6ssiarhmg~# ~

Fig. 7. Comparison of calculated analyzing powers

. for the p + 27A1 reaction at 130 MeV (Region I).

.-

100C

Ow
0

I p+%

k--
100 200 300 400
blLiMMonEtlalgy~M

Fig. 9. Comparisons of measured and calculated
proton total reaction cross seztions for 55Fe.

I ------—~pamM

-0.s
o 90 120

bllbr+f4h!BscorbIiqJA/@e8@egl

-Fig.8. Identical to Fig. 7 except at 15ilMeV
(Region 11).

4

0 la) 200 300 400
Mhmlbuhnblafgyhakv)

Fig. 10. Comparisonsof measured and calculated
neutron total cross sections for 56Fe.



“4

1 1

o @ 120 180

MmMusssae#ilgA@t8 ~
Fig, 11. Co~:=~ison of calculated ela ic dif-
ferential crass sections for the p + % Fe re-
action at 130 tleV (Region I). -

u

-o s
o m 170

I

L-l
m

(kmwJf-&sscmwilg~o k’bfj
Fig. 13. Co~a~fson of calculated analyzing powers
for the p + ‘6Fe reaction at 130 KeV (Region I) .

p+%
Q=mlw

●

s
8

b

●.

.
,
●

‘-..
.
8,

●*
* *-,, *

------ - ,
—-- :

m4 —
o 00 120 la

(kitlJr+fMBs8scnig&@Bo (Ii@
Fig. 12. Identical to Fig. 11 except at 150 14eV
<Region II).

1.0

! 0.0

-0.s

.-

Fig. 14. identical to Fig. 13 except at 15(3Mev
(Region 11).



mm
—--

1 1

h..,...
‘--- --
— ~m

\

...,...
s

.l!&.i.aI J

16UI
o 100 300

Fig. 15. Comparisons of measured and calculated
proton total reacLion cross SeCtiOnS Ior 208pb.

w
f)’r r 1 3

-o 100c4BlleY+Rillasstat9@J&%~
Fig. 17. Coqarison of calculated elasti
differential cress sections for the p < %18m
reactio,~ at 130 MeV (Region I).

1 I r ?

n+=%

~ ~~
o 100 400

tuidm N6u#%E h

Fig. 16. Comparisons of measured and calculated
neutron total cross sections for_208Pb.

6’F-~–

“I-1.113%..!----~-& ;:*,L/— .**
se;,t

m“
0 60 13Q Mu

cunbr-d-mh6sscaMg Algb0 Ilhgl
Fig. 18. Identical to Fig. 17 except at 150 MeV
(Region II).



——— .

1

190

Fig. 19. c
T

arfson of calculated analyzing pcniers
for the p + 08Pb reaction at 130 ?ieV(Region I).

&

——
0 00 :20 lm

cmar4MRssscamlhgAbl@J@(dqj

Fig. 20. Identical to Fig. 19 except at 150 MeV
(Region II).


